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a b s t r a c t
We present an experimental study of the in-ﬁeld kinetic energy density in two Bi2Sr2CaCu2O8þδ single
crystals. The kinetic energy density is determined from magnetization measurements performed above the
irreversibility line. Anisotropy effects are observed when an external magnetic ﬁeld is applied in the direction
perpendicular or parallel to the superconducting Cu–O2 planes. When the ﬁeld is applied parallel to the c-axis,
the most relevant contribution to the kinetic energy comes from the Abrikosov vortices. At low ﬁelds, an
additional term related to granularity is also observed. A kink in the kinetic energy density associated to the
decoupling of the superconducting layers is identiﬁed when the ﬁeld is applied parallel to the ab planes.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
The study of the condensate kinetic energy is useful to improve the
understanding of the superconducting state in a given material
because of its close relationship with the energy gap [1]. According
to the BCS theory, in the absence of an applied magnetic ﬁeld, the
overall electron kinetic energy in the superconducting state should
increase with respect to that of the normal state [2]. However, in
recent years some theoretical approaches [3] and experimental results
[4,5] suggest that, in the underdoped and optimally doped regimes
of high temperature cuprate superconductors (HTCS), the kinetic
energy of the superconducting state in fact decreases with respect
to that of the normal state. Contrasting with these ﬁndings, it has also
been reported that in the overdoped regime of these materials,
the condensate kinetic energy behaves in accordance with the BCS
predictions [4]. A different situation occurs when an external magnetic
ﬁeld is applied to a type II superconductor. In this case, the super-
conducting kinetic energy is always expected to increase with respect
to that of the fundamental state at zero applied ﬁeld because of vortex
formation. This is the problem in which we are interested here.
Experimentally, for an extreme type II superconductor (κb1), the
kinetic energy density associated to superconducting currents around
the vortices can be found from magnetization measurements through
the expression [6,7]:
Ek ¼ M  B; ð1Þ
where M is the equilibrium magnetization and B is the magnetic
induction. This expression was deduced from the virial theorem
applied to superconductivity, as proposed by Doria et al. in 1989 [8].
This theorem results from a scale transformation of the Ginzburg–
Landau free energy. The mathematical analysis leading to Eq. (1) does
not take into account the pinning energy; then, it can just be used in
the equilibrium regime, where the sample's response does not depend
on its magnetic story.
Eq. (1) is used here to obtain the in-ﬁeld kinetic energy density
of two single crystal samples of the Bi2Sr2CaCu2O8þδ (Bi2212)
superconductor. Isoﬁeld magnetization versus temperature mea-
surements were performed in the presence of low magnetic ﬁelds
applied in both perpendicular and parallel orientations with
respect to the crystalline c-axis. Our results are limited to the
temperature range nearly below Tc, where the equilibrium mag-
netization can be unambiguously obtained from coincident zero
ﬁeld cooling and ﬁeld cooling measurements. Our ﬁndings are
compared with those previously reported for Bi2212 single crys-
tals and other superconducting materials [7,9,10].
2. Experimental details
The Bi2212 crystals were produced by the auto-ﬂux method
from the starting compounds Bi2O3, SrCO3, CaCO3 and CuO, all
having purity greater than 99.99%. Powders of the three last
compounds were mixed in the proportion 2:1:2 and calcined at
1000 1C for 30 h. After powdering the resulting pellet, the Bi2O3
powder was added to the mixture. That ﬁnal mix was homo-
genized in an agate mortar for two hours and placed in an
alumina crucible. The crucible was put in a mufﬂe-type oven
where a temperature gradient was settled in order to promote
the crystal growth. The mixture was heated to 800 1C with a rate
of 100 1C/h and kept at that temperature for 6 h. After that
the temperature was increased to 1020 1C, where it stayed for
more 6 h. Then, the ﬁnal pellet was quickly cooled to 920 1C in a
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rate of 300 1C/h. Subsequently, the pellet was slowly cooled, ﬁrst
to 890 1C with a rate of 5 1C/h (and kept there for 6 h) and after to
830 1C with a rate of 1 1C/h. Finally, the pellet was cooled to room
temperature at 100 1C/h. Further information on the crystal
growth process may be found in Ref. [11].
On the surface of the so-prepared material, several Bi2212
crystals could be identiﬁed and mechanically separated. Among
the largest obtained crystals, two were chosen to be studied.
The ﬁrst sample was kept as prepared and the other one was
submitted to a further annealing at 450 1C for 6 h, intended to
interfere in the sample's oxygen content. These crystals are named
here as Bi-I and Bi-II, respectively.
Zero ﬁeld cooling (ZFC) and ﬁeld cooling (FC) magnetization
measurements in several applied ﬁelds ranging from 1 mT up to
100 mT were carried out using a XL5-MPMS@ SQUID magnet-
ometer manufactured by Quantum Design, Inc. The results were
corrected for demagnetization effects. Geometrical factors were
estimated by approximating the sample's shape to an ellipsoid and
making use of the calculations in Ref. [12].
3. Results
In Fig. 1, irreversibility lines Tirr(H) for the samples Bi-I and Bi-II
are presented in HT diagrams for ﬁelds applied parallel and
perpendicular to the c-axis.
The points in these lines correspond to those where the ZFC
and FC magnetization curves split apart. The results in Fig. 1
evidence the characteristic anisotropy of Bi2212. For both samples,
the pinning effects are stronger when the ﬁeld is applied parallel
to the ab planes. Comparatively, the irreversibility line for HJab is
shifted to higher temperatures in Bi-I sample. This fact indicates
that the pinning potential stays higher in Bi-I than in Bi-II despite
the supplementary heat treatment to which Bi-II sample was
submitted. This behavior is contrary to our expectation since,
according to Ref. [13], specimens with higher oxygen content
should present higher pinning forces.
Fig. 2 presents the magnetization data for the Bi-I and Bi-II
samples. The magnetization due to superconductivity is deﬁned as
ΔM¼MðT ;HÞMnðT ;HÞ [14], where M is the total (measured)
magnetization and Mn is the magnetization associated with the
normal contribution which is estimated from a linear extrapola-
tion to the superconducting region of measurements performed
well above Tc. For the geometry HJc, a crossing point TnwhereΔM
is ﬁeld-independent is observed in both samples, as indicated in
Fig. 2. This characteristic temperature is associated to strong
vortex ﬂuctuations and signals the point where the vortex struc-
ture “evaporates”, i.e, for T4Tn the ﬂux lines decouple into a 2D
“vortex gas” [15].
We notice that in our samples the crossing point Tn occurs in
ﬁelds well below the crossover critical ﬁeld Bc estimated by
Bulaevskii et al. [16] for the Bi2212 system. This suggests that
our samples are far more disordered than ideal specimens.
Fig. 1. Anisotropic irreversibility lines Tirr(H) and critical temperatures Tc(H) for the
samples Bi-I (upper panel) and Bi-II (lower panel). The areas between the solid and
the dashed line correspond to the reversible region.
Fig. 2. Decoupling temperature Tn for the samples Bi-I (upper panel) and Bi-II
(lower panel) when the ﬁeld was applied parallel to the c-axis.
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3.1. Kinetic energy in the conﬁguration HJc
Our study of the kinetic energy in Bi2212 is limited to the
narrow temperature interval between the irreversibility line and
TcðHÞ where the magnetization behaves reversibly.
Fig. 3 presents curves of Ek versus T in several applied magnetic
ﬁelds for our two Bi2212 samples. The kinetic energy density was
calculated according to Eq. (1).
The results in Fig. 3 are qualitatively similar to those reported in
Ref. [7] excepting for a crucial aspect; in contrast to the ﬁndings in
Ref. [7], we do not observe contributions to the kinetic energy
density above the critical temperature. Our results clearly indicate
that the kinetic energy density vanishes approximately at the
critical temperature Tc(H).
Near Tc vortices are close to each other and one expects that
the vortex lattice conﬁguration is adequately described by the
Abrikosov theory for type II superconductors [2]. In this case, from
Eq. (1) one deduces that the kinetic energy density can be written as
Ek ¼
μ0
ð2κ21ÞβA
ðHc2HÞ H
Hc2H
ð2κ21ÞβA
 
; ð2Þ
where μ0 is the vacuum magnetic permeability, κ is the Ginzburg-
Landau parameter and βA is a constant determined by the vortex
lattice symmetry.
For an extreme type II superconductor (κb1) and a triangular
vortex lattice (βA  1), Eq. (2) can be approximated as follows:
Ek
μ0H
 1
2κ2
ðHc2HÞ; ð3Þ
where we have dropped terms proportional to κ4.
In Fig. 4, the ratio Ek=μ0H for the two investigated Bi2212
crystals is plotted as a function of μ0H for several ﬁxed tempera-
tures. In the low ﬁeld limit, data in Fig. 4 shows signiﬁcant non-
linear upward deviations from the straight line behavior predicted
by Eq. (3).
In order to fully account for the results in Fig. 4, we consider the
effect of an additional contribution to Ek coming from the intrinsic
granular character of Bi2212 system [17,18]. Although single
crystals are not expected to be granular in a structural sense, it
has been showed that electronic inhomogeneities are intrinsically
present in complex systems as the HTSC [19]. In superconductors,
electronic inhomogeneities occur as local variations in the density
of states and in the superconducting gap spectrum, as showed by
scanning tunneling microscopy (STM) measurements on several
single crystal samples of Bi2212 in the underdoped [17] and
optimally doped regimes [18]. Then, in order to describe the
effects from granular-like disorder in the kinetic energy of our
samples, we start by taking into account the model proposed in
Ref. [20]. This model is based on the gauge glass Hamiltonian:
H¼ ∑
i;j
Jij cos ðθiθjAijÞ; ð4Þ
Fig. 3. Kinetic energy versus temperature for the (a) Bi-I and (b) Bi-II samples in
the quoted magnetic ﬁelds applied along the c-axis.
Fig. 4. Kinetic energy divided by the applied induction as a function of μ0H for the
geometry HJcaxis. The ﬁxed temperatures are quoted. The upper panel is for Bi-I
and the lower panel is for Bi-II. Traced lines are guides for eyes.
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where Jij is the intergrain coupling energy, θi is the order para-
meter phase inside grain i and the gauge factor is
Aij ¼
2π
ϕ0
Z j
i
A  dl: ð5Þ
In the above expression ϕ0 is the ﬂux quantum for the super-
conducting state and the integral is evaluated between centers
of grains i and j. Using a mean-ﬁeld analytical approach, where
the superconducting grains are placed at the lattice points of a
hypercubic grid, authors in Ref. [20] obtain the following expres-
sion for magnetization:
M¼ 1
4
kBT
aϕ0
T
Tc
dTc
df
 
〈 zj2〉;
 ð6Þ
where 〈jzj2〉¼ c2〈jψ j2〉 (c is an adjustable parameter), a is the
hypercubic lattice parameter, f ¼Ha2=ϕ0, and ψ is the order para-
meter amplitude.
We suppose that the ﬁeld dependent critical temperature for
the granular array follows the de Almeida–Thouless line [21], so
that Tcð0ÞTcðf Þ  f 2=3. Then, Eq. (6) takes the form:
M¼  1
6
T2
Tc
〈jzj2〉
ϕ2=30 a5=3
1ﬃﬃﬃﬃ
H3
p ; ð7Þ
Using Eq. (1), we then obtain an expression for the granular
contribution to the kinetic energy. This additional contribution
originates from currents circulating among grains and may be
relevant in the regime of low applied ﬁelds. We ﬁnd
Ek
μ0H
C
ZðTÞﬃﬃﬃﬃﬃﬃﬃﬃﬃ
μ0H
3
p ; ð8Þ
where
ZðTÞ ¼ 1
6
T2
Tc
〈jzj2〉
ϕ2=30 a5=3
μ1=30 : ð9Þ
Since we are studying the kinetic energy in the high tempera-
ture—low ﬁeld regime of the superconducting state, we neglect a
term proportional to ψ4 in Eq. (8). The total kinetic energy divided
by the induction is obtained by summing up the granular term
(Eq. (8)) to the intragrain contribution due to Abrikosov vortices
(Eq. (3)). We then write
Ek
μ0H
C
Hc2
2κ2
þ Zﬃﬃﬃﬃﬃﬃﬃﬃﬃ
μ0H
3
p : ð10Þ
In the above equation we dropped the term proportional to H2 in
the term due to Abrikosov vortices since in the investigated ﬁeld-
temperature regime, one may consider that H25HHc2.
Fig. 5 shows plots of Ek=μ0H versus ðμ0HÞ1=3 for the two
studied samples in several ﬁxed temperatures. Straight lines
adequately ﬁt the data in accordance with Eq. (10). The intersec-
tions of those lines with the vertical axis are proportional to the
temperature dependent upper critical ﬁeld and their slopes are
given by the parameter Z  ð1T=TcÞ that vanishes in T  Tc as can
be seen in the upper panel of Fig. 6. Considering that [2] κ  100,
estimations for Bc2ðTÞ obtained from linear ﬁts to data in Fig. 5 are
shown in the lower panel of Fig. 6.
Fig. 5. Kinetic energy density per unit ﬁeld as a function of
ﬃﬃﬃﬃﬃﬃﬃﬃ
μ0H
3
p
for Bi-I (upper
panel) and Bi-II (lower panel); see Eq. (10).
Fig. 6. Coefﬁcient Z deﬁned in Eq. (9) (upper panel) and Bc2ðTÞ (lower panel) as
deduced from ﬁts of Eq. (10) to data in Fig. 5.
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3.2. Kinetic energy in the conﬁguration HJab
Fig. 7 shows results for the kinetic energy density in the conﬁg-
uration of ﬁeld applied parallel to the superconducting Cu–O2 atomic
planes. Alignment of the ﬁeld and these planes is obtained within
uncertainties below 31. For both samples a discontinuity in the kinetic
energy density is observed at a characteristic temperature Tve. This
sample dependent temperature is located nearly below Tc and is
weakly affected by the ﬁeld strength.
The abrupt variation in the kinetic energy density observed in Fig. 7
may be attributed to a ﬁrst-order transition involving a change in the
vortex lattice conﬁguration. According to Eq. (1), a discontinuity in the
kinetic energy density is related to a kink in the magnetization. For
layered materials, such a feature has been associated to a decoupling
of the superconducting planes [22,23]. Indeed, we notice that Tve is
almost coincident with the temperature Tn identiﬁed in the data
obtained when the ﬁeld is applied parallel to the c-axis, as discussed in
Section 3.1. This ﬁnding suggests that the discontinuity in the kinetic
energy that occurs when H ? c and the crossing point in the
magnetization measured in the conﬁguration HJc are different
manifestations of the same phenomenon. Further experimental stu-
dies may help to conﬁrm this hypothesis. Examples of alternative
methods are angular dependent magnetic torque measurements and
Josephson plasma resonance. Torque experiments were successfully
used to study the 3D–2D transition in the vortex lattice of HTSC [24].
The Josephson plasma resonant frequency gives a direct measure of
the interlayer phase coherence and was applied to study different
phenomena concerning phase transitions in the vortex lattice of
Bi2212 [25,26].
4. Conclusion
The magnetization and the ﬁeld induced kinetic energy of two
single crystal samples of Bi2212 were studied in the reversible
regime. The characteristic crossing point, Tn, where the magneti-
zation is ﬁeld independent was clearly identiﬁed. Anisotropy
effects were studied in the ﬁeld-induced kinetic energy density
of the two studied samples. When the ﬁeld is applied parallel to
the c-axis, effects coming from granularity, that become relevant
in the limit of low applied ﬁelds, are superimposed to the
contribution due to Abrikosov-type vortices. When the ﬁeld is
applied parallel to the superconducting layers, an almost discon-
tinuous jump occurs in the kinetic energy at a ﬁeld-independent
temperature Tve practically coincident with Tn. This jump is
interpreted as resulting from a ﬁrst-order transition associated
with the decoupling of the superconducting planes that leads the
ﬂux lines to transform into two-dimensional pancake-like vortices.
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